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ABSTRACT 
Manufacturing nano-sized powders using salt- and sugar-assisted milling 
Shruti Gour 
Advisor: Dr. Yury Gogotsi 
 
 
 
 
There is need for non-toxic, biocompatible nanoparticles for various applications in the 
field of nano-engineering. Reduction of size to nano-scale is required to enhance material 
properties such as bioavailability, drug release and dissolution kinetics. Dry media 
assisted milling was optimized for two materials; a soft lipophilic drug, fenofibrate and a 
relatively hard material, nanodiamond. 
 
Nanoscale particles are especially important for hydrophobic substances due to their 
unacceptably slow dissolution kinetics in aqueous gastrointestinal tract-type 
environments, which has resulted in inefficient oral drug delivery. Fenofibrate, a popular 
cholesterol reducing drug, currently produced in micron size, was milled with 
salt/sucrose to yield 500 nm particles. The dry media was removed by rinsing with 
deionized (DI) water and dried at room temperature. The powder was characterized using 
scanning electron microscopy (SEM) and particle size analyses. In vitro dissolution 
studies resulted in improved kinetics. Various surfactants including sodium dodecyl 
sulfate (SDS) and cyclodextrin were investigated to achieve an increased dissolution rate. 
 
There has been recent interest in nanodiamond particles, typically ~5 nm in diameter, as 
drug delivery vehicles in chemotherapy. However, the tendency of nanodiamond to 
aggregate into micron sized clusters is a major challenge in all these applications. Current 
xiv 
 
 
methods that successfully achieved monodispersions of nanodiamond in aqueous media 
have been unable to remove toxic contaminants introduced during the synthesis process. 
Nanodiamond powders were milled with salt/sucrose in a dry environment to yield 
primary particles embedded in a salt/sucrose matrix. A parametric study optimized the 
protocol, confirmed by particle size results revealing clusters of 2-3 particles which are 
desirable for many applications. 
The milling parameters were optimized for fenofibrate and nanodiamond as follows; 
 
Fenofibrate  
Milling duration = 180 min 
Speed of rotation = 500 rpm 
Fenofibrate to media ratio = 1:12 (sodium chloride), 1:7 (sucrose)  
 
Nanodiamond 
Milling duration = 90 min 
Speed of rotation = 500 rpm 
Nanodiamond to media ratio = 1:7  
 
Milling is an effective and economical technique, which can be easily implemented as a 
grading facility in most of the existing production processes. 
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1.  INTRODUCTION 
 
Nanoparticles have been utilized in various engineering fields for pharmaceuticals, 
materials, biomedical and electrical applications. While various bottom-up approaches 
are available to synthesize nanoscale particles, top-down approaches have also been used 
to achieve size reduction. Size reduction of materials may be required to increase the 
surface area with intent to increase reactivity or to control bulk density. Size reduction 
involves the application of external force on large aggregates to fracture them into 
smaller fragments.  
 
Size reduction of materials may be achieved through attrition milling which involves the 
interaction of non-degradable grinding media with the material. The material is broken 
down by the constant grinding action enabled by the rotating shaft in the milling 
chamber. This top-down approach may be optimized for a wide range of materials to 
yield nanoparticles in an efficient and inexpensive manner.  
 
For the scope of this project two materials were chosen with different challenges 
involving their particle sizes. The first material chosen was fenofibrate, which is a 
popular cholesterol reduction drug with poor solubility and bioavailability. This poses an 
obstacle in designing an effective formulation of the drug. One of the methods frequently 
employed by the pharmaceutical industry to formulate poorly soluble drugs is to reduce 
the particle size, thereby increasing the available surface area. The increased surface area 
facilitates better contact with the environment and results in improved dissolution. In this 
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study, dry media assisted milling has been investigated as a tool to achieve significant 
particle size reduction.  
 
Fenofibrate has been milled in the presence of a milling aid, which is inexpensive, non-
toxic and highly soluble in water. The effectiveness of two materials, sodium chloride 
and sucrose has been investigated as potential milling aids. A parametric study was 
conducted to observe the optimal values of milling duration, milling speed and milling 
media to material ratio. In vitro dissolution tests were conducted to predict the drug’s 
performance in vivo. The study was conducted in an apparatus containing 0.1 N 
hydrochloric acid as the dissolution medium. The increased absorbance of the dissolution 
medium as a result of dissolution of drug was evaluated over a period of one hour. 
Surfactants were also employed to study the improved dissolution behavior of milled 
fenofibrate over commercial.  
 
The other material utilized for this study was nanodiamond, a carbon nanostructure which 
combines many unique and useful properties of bulk diamond (superior hardness thermal 
conductivity, electrical resistance, interesting optical characteristics, high chemical 
stability and biocompatibility) with a particle size of ~5 nm. Nanodiamond obtained 
through detonation has applications ranging from paints, lubrication and composites, to 
biomedical imaging and drug delivery. Due to high surface energy, nanodiamond primary 
particles aggregate to form large micron sized clusters which are hard to disintegrate by 
sonication or ultracentrifugation. Various other methods including oxidation, 
graphitization, mechanochemistry, sedimentation and surfactants have been utilized to 
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disintegrate aggregates without much success. Wet milling technique using Zirconia 
microbeads has been employed to deaggregate detonation nanodiamond powder but high 
cost of microbeads and zirconia contamination limits commercial applicability of this 
method.  
 
Nanodiamond has been milled in a high energy ball mill with sucrose and/or sodium 
chloride as milling aid(s) to yield primary particles of nanodiamond embedded in a dry 
media matrix. The ease of media removal through rinsing with water is an attractive 
feature of this method. Dry media assisted milling has been employed successfully to 
achieve monodispersions of nanodiamond primary particles.  
 
Thus the objectives of this project are identified are follows:  
 
• Demonstrate dry media assisted milling as an effective technique to downsize a 
wide variety of materials. 
• Evaluate common substances such as salt (sodium chloride) and sugar (sucrose) 
as potential milling media. 
• Evaluate the effectiveness of milling in downsizing two materials with challenges 
related to their sizes; Nanodiamond and Fenofibrate. 
• Demonstrate improved dissolution of fenofibrate with reduced particle sizes 
• Achieve monodispersions of nanodiamond primary particles in a stable 
suspension. 
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2.  BACKGROUND 
 
2.1  Milling 
 
Milling refers to the breakdown of relatively coarse materials into fine powders.1 Milling 
is a standard technique that has been used to reduce particle sizes and prepare materials 
for a wide variety of industrial applications. Particle size reduction may be required for 
several applications, which has been achieved using milling. Some applications include 
chemical milling to increase the rate of a reaction, milling of ores to extract metals, 
milling of food substances to improve solubility and milling to modify the structure of the 
final product of a manufacturing process, etc. Historically, milling has been employed 
primarily to achieve particle size reduction in metallurgy, however more recently it has 
evolved into a technique to prepare materials of enhanced physical and mechanical 
properties. The term ‘mechanical alloying’ (MA) has been used in the scientific 
community to describe the milling technique applied to current applications.2 Mechanical 
alloying has also been utilized to conduct mechanochemical reactions. 
Mechanochemistry is the science of inducing chemical reactions by mechanical 
activation. Mechanochemical synthesis (MCS) may be carried out through milling, 
rubbing, grinding etc. Of these, milling has been a popular choice for inorganic materials. 
MCS is successful when one of the reactants penetrates into the crystal matrix of the 
other resulting in phase rebuilding. This transformation produces a new product and the 
detachment of nanocrystals creates a new surface for the reaction to propagate.   
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The mechanical alloying procedure has been successfully used to fabricate advanced 
materials including equilibrium, non-equilibrium (amorphous, quasicrystals, 
nanocrystalline) and composite materials (polymer-nanoparticle composites to fabricate 
polymers of higher mechanical strength, carbon fiber reinforced polymers etc). Further, 
this technique has been used to reduce metal oxides to metal by milling the oxide 
powders with reducing agents at room temperatures. For the scope of this project, milling 
has been used to achieve particle size reduction in soft and hard materials. Such 
applications require careful monitoring of milling conditions and parameters to obtain 
better control over the particle characteristics of the resulting product3.  
 
The size reduction caused by milling procedures may be described as the interplay of 
three key mechanisms.4, 5 These mechanisms include the compression between two 
surfaces wherein the stresses generated exceed the particle’s inherent strength causing a 
fracture, the shear forces leading to particle cleavage into multiple fragments and the 
deaggregation due to collisions between aggregates at high differential velocities.  
 
There are other factors that must be taken into account before selecting milling as an 
effective method to achieve particle size reduction. The starting material must be 
evaluated for material hardness based on Mohs or Rockwell scales to determine 
resistance to crushing. Other material properties such as flammability and corrosion must 
be considered in order to avoid phase changes during the milling process. Additionally, 
traditional milling methods are not recommended to achieve primary particle sizes (less 
than 0.5 µm) and modifications to the process may be required.  
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The major factors contributing to increased milling efficiency have been identified as:  
 
• Mill type (high-/low- energy) 
• Milling tool material (ceramics/stainless steel/tungsten carbide) 
• Milling media (balls/rods) 
• Milling atmosphere (inert/air) 
• Milling environment (dry/wet) 
• Media to powder ratio by weight 
• Milling temperature 
• Milling duration 
 
2.1.1 Type of Mill  
 
High energy ball milling of particles has been utilized as an industrial process to 
successfully produce new alloys and phase mixtures since the 1970’s. This technique 
allows the synthesis of alloys and composites, which cannot be synthesized via 
conventional methodologies. Other industrial applications have used this top-down 
technique to achieve fine grain sizes of materials. In 2000, Indris et al. chose ball milling 
over other techniques such as, inert gas condensation (IGC) and chemical vapor 
deposition (CVD), to synthesize various nanocrystalline ceramics.6 Ball milling provided 
several advantages including ease of handling, large-scale production capabilities, 
applicability to a variety of materials and reliable control over parameters, to achieve 
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desired results. Effects of ball milling on phase transitions and grain growth of ceramic 
oxides were observed by changing milling duration, ball to powder ratio and milling 
chamber material. 
 
A study by Oleszaka et al. discussed the advantages of low energy and high energy 
milling techniques respectively.7 High-energy milling has frequently been used to prepare 
nanocrystalline metals and ceramics. The effects of low energy milling on crystallite size, 
lattice strain and storage of deformation energies were studied on metal powders and 
compared to their high-energy counterparts. Low-energy milling was found to provide a 
higher rate of retaining non-equilibrium structures. The study used a horizontal, low 
energy ball mill, which consisted of a stainless steel milling vial with stainless steel balls 
(9.4 mm in diameter). The ball to powder ratio was 100:1 and the milling was carried out 
for various times in an argon atmosphere at 90 revolutions per minute (rpm). It was 
determined that low energy ball milling of fcc (face centered cubic) and bcc (body 
centered cubic) metals lead to refinement of crystallite size to the nanoscale. With respect 
to three-dimensional (3D) lattices, the strain values were found to be in agreement with 
high-energy milling. Furthermore, deformation energies were found to be 25% the 
enthalpy of fusion, which are smaller than those attained by high-energy milling.  
 
The decision to choose between high-energy and low-energy mills should be based not 
only on target materials but also on the desired application. To achieve particle size 
reduction quickly and efficiently, high-energy milling may be preferred because of the 
higher acceleration that particles undergo as compared to low-energy milling. Large 
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velocities in the milling chamber enable a transfer of kinetic energy from the balls to the 
sample that results in extremely fine particles. Some of the mills used to achieve particle 
size reduction in micron ranges are: 
 
2.1.1.1  Attritor/Attrition ball mill 
 
Szigvari was the first to use this type of mill in 1922 to achieve fine sulfur dispersions for 
vulcanization of rubber.1 The coarse material particles are milled by the stirring action of 
an agitator, which has a vertical rotating central shaft with horizontal arms (impellers). 
Originally, the Szigvari attrition mill could only be operated at speeds up to 250 rpm. 
More recent modifications to the system have made it possible to operate the mill at 
higher speeds. A traditional Szigvari attritor mill is illustrated in fig 1. 
 
 
 
Fig.1: Szigvari Attritor ball mill where the ball charge is activated by a rotating shaft 
that rotates at a speed of 250 rpm. 
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2.1.1.2  Planetary ball mill 
  
This type of mill is characterized by the high energy of the milling media because of 
centrifugal forces, which can reach up to twenty times the gravitational acceleration. 
Centrifugal forces are a result of the rotation of a supporting disc and vial (45-500 mL) 
containing charge in opposite direction, causing the milling media and charge powder to 
roll off the inner wall of the vial and thereby thrown across the bowl. An important 
design parameter is that the turning direction of the disc and the vial being opposite to the 
other causes the centrifugal forces to synchronize and reverse in direction in an 
alternating manner. The mill can operate at speeds up to 360 rpm and is preferred due to 
the ease of handling.  
 
 
 
Fig 2: Schematic illustrating one of the two vials rotating on a disc in a planetary ball    
mill. 
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2.1.1.3  Vibratory ball mill 
      
A Vibratory ball mill is primarily used to prepare amorphous alloys. The vials utilized are 
approximately 10 mL in volume, which is smaller compared to that of other mills. The 
charge is agitated in three directions perpendicular to one another, obtaining speeds as 
high as 1200 rpm. A modification of this mill is being used at the van der Waal-Zeeman 
laboratory where each stainless steel vial contains one stainless steel ball (6 cm in 
diameter). The mill is operated under vacuum and is suitable to mill highly reactive 
substances.  
 
 
 
 
 
Fig 3: A high-energy Vibratory mill. 
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2.1.1.4  Low-energy Tumbling mill 
 
Tumbling mills consist of a cylindrical chamber rotating about a horizontal axis with 
either rods or balls as the milling media. The powder is milled by mechanical force when 
in contact with the milling media and these abrasive forces result in a reduction of 
particle size. Low-energy milling may require increased milling times for mechanical 
alloying to produce homogenous and uniform end products. This type of mill is relatively 
inexpensive and can be developed in-house for an economical price.  
 
 
 
 
 
 
Fig 4: A typical Tumbling ball mill. 
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2.1.2  Milling material  
 
The selection of proper milling material is an important factor in achieving efficient 
milling of materials to nanoscale sizes. Mechanical milling is a widely used method to 
obtain nanoscale particles due to its high efficiency as compared to chemical methods. 
Vojisavljevic et al. employed high-energy ball milling to produce zinc oxide (ZnO) 
nanoparticles with zirconia as the milling assembly.8 Various parameters such as milling 
media and time were varied to obtain large quantities of powder with the desired 
crystallite size. The study used a planetary ball mill with zirconium oxide (commonly 
known as zirconia) as the milling media for 5 hours in air. X-ray diffraction (XRD) 
analysis found that the zirconia contaminated the ZnO powder after 5 hours of milling. 
The study was conducted to introduce the milling assembly material as a dopant in the 
zinc oxide particles, and mechanical and electrical properties were assessed.  
 
In another study, Hampsey et al. prepared nanoporous silica particles using a high-energy 
ball mill and various milling bodies including zirconia, stainless steel and steel centered 
nylon balls.9 The milling of mesoporous silica xerogels was carried out in the presence of 
surfactants in a stainless steel chamber maintained at 0°C for a range of durations. While, 
stainless steel and zirconia balls are usually used to mill ceramics, the effectiveness of 
stainless steel balls coated with polymeric media has also been studied as a means to 
reduce contamination. Nylon contamination was removed by thermal treatment or 
solvents. Also, nylon coated steel balls were demonstrated to preserve the structure of 
milled silica.  
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2.1.3  Type of milling media 
 
Rod milling is predominantly used in mineral processing plants to achieve coarse 
particles (> 3 mm in diameter). In 1992, Zeng et al. used rod milling to grind quartzite 
ore in a rotary drum mill.10 This setup has several advantages:  
 
• Rod mills do not require cascading of media (unlike balls) to break the aggregates 
in the given material, which enables operation at lower speeds 
• Rod charges have less void spaces than balls, thereby increasing the grinding 
surface area  
 
Rods have large masses that make them useful in breaking ore aggregates. Larger media 
improves the transmission of energy per collision. However, alignment of rods in parallel 
is extremely important. Misalignment leads to lower grinding action and rod 
entanglement.  
 
For other applications, ball milling may be better suited. In 2007, Zhang et al. used 
planetary ball milling to synthesize WC–Co (Tungten carbide – cobalt) composites.11 
Ball size, ball to powder ratio, milling duration, and material of balls, were some of the 
experimental parameters varied. Volume of the milling media was found to be the most 
important parameter followed by milling duration, to result in the smallest particle sizes 
or equivalently the greatest size reduction.  
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2.1.4  Milling atmosphere 
 
Milling in air, gas, or inert atmosphere can be carried out for several reasons including 
gas-solid reactions. Presence of gases like nitrogen may be required for chemical 
reactions and other mechanochemical syntheses. In 2004, Lu et al. studied structural 
evolution of titanium powder while milling in different atmospheres.12 Titanium nitride 
has been obtained in previous studies by milling titanium in nitrogen or ammonia 
atmospheres. In this study, titanium was milled in a planetary ball mill at 300 rpm in the 
presence of air in both open and closed vials. Initially, Titanium powder absorbed more 
nitrogen and oxygen from the air in a closed vial than an open vial. Titanium oxynitride 
with fcc structure was synthesized as a result of ball milling in a closed vial. Both 
titanium oxide and titanium oxynitride were obtained from the open vial. These 
differences may be due to local temperature and pressure conditions. 
 
In a study conducted in 1991, Ogino et al. milled chromium and chromium-copper in a 
Vibration ball mill under air, nitrogen and oxygen containing argon atmospheres.13 It was 
observed that nitrogen was absorbed in large amounts during milling in argon-air and 
argon-nitrogen atmospheres, which further resulted in grain refinement and 
amorphization of chromium and copper powders.  
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2.1.5  Milling environment 
 
Depending on the application, milling environments may be either wet or dry. Wet 
milling has been used in the manufacture of paints, ceramics, and pharmaceuticals. 
Tumbling ball mills are most commonly used for wet milling processes since they have 
been shown to be efficient at handling coarse materials. Frances et al. conducted grinding 
experiments of alumina hydrate in a ball mill to achieve fine particles.14 In addition to 
ball-powder interactions, grinding in a wet environment depends on slurry density and 
the presence of surfactants that modify the surface tension. It was reported that smallest 
particle sizes were found when the slurry contained 50 % water (by volume).  
 
Gasgnier et al. milled boron nitride in low-energy ball mills with and without water 
where the presence of water was observed to induce certain chemical reactions. 15 
 
2.1.6  Milling media to powder ratio  
 
In applications where milling has been used as a technique to reduce particle size, a wide 
range of ball to powder ratios has been studied. It has been previously determined that 
using a higher volume of balls compared to the powder is important in reducing particle 
size. Typical ball to powder ratios lie in the range of 2:1 to 100:1. An optimal ratio will 
depend on the material and its hardness characteristics.  
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For the scope of this project, dry milling aids, namely sucrose and sodium chloride were 
used to further reduce particle size to nanoscale. These aids are the true milling media in 
this scenario, since they provide the forces that result in primary breakage. In general, 
balls may be used to encourage stirring of the milling media.  
 
Deng et al. studied zinc oxide that was formed when a precursor was milled in the 
presence of sodium chloride.16 The primary utility of sodium chloride was to prevent the 
milled particles from aggregating post-milling. The experimental setup consisted of a 
planetary ball mill and 15 mm steel balls in a ball to powder ratio of 18:1. In addition, 
sodium chloride to precursor ratios was varied to determine the optimal ratio (4:1) for 
maximum size reduction. 
 
2.1.7  Milling temperature 
 
In a study conducted by Xi et al., it was determined that there was an increase in 
temperature of the milling chamber with increasing milling speeds while an increase in 
temperature of the powder resulted from increasing speeds and ball to powder ratio.17 
Such results are indicative of the importance of temperature in the milling process. With 
respect to the synthesis of alloys, high temperatures result in the formation of new phases 
while low temperatures enhance the formation of nanocrystalline phases. Increasing 
temperature of the powder within the milling chamber causes the phenomenon of 
amorphization due to rapid melting and solidification.  
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Gupta et al. studied the effect of milling with neusilin (amorphous magnesium 
aluminosilicate) on amorphization of ketoprofen, indomethacin, naproxen, and 
progesterone.21 The milling was carried out at room temperature (25°C) in a jar rolling 
mill with zirconia balls at 85 rpm. No temperature increase was detected in the powder 
after 48 hr of milling suggesting that temperature control might be required in higher 
speed millings.  
 
2.1.8  Milling duration  
 
From several studies conducted on milling to create nanosized particles, it understood 
that milling times play an important role. In a study carried out by Indris et al., oxide 
ceramics were milled to nanocrystalline powders. After 10 hr of milling, the grain sizes 
were reduced to approximately 20 nm and longer milling durations did not achieve 
further size reduction. Milling in liquid nitrogen environments may minimize the 
previously mentioned saturation effects.  
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Fig 5: Average grain sizes (L0) with varying milling times were calculated by XRD. The 
grain sizes approach a saturation value of 20 nm after which there is minimal size 
reduction with increasing milling time. (Ingris et al., 2000). 
 
 
 
Milling has been demonstrated as an effective technique to reduce particle size to micro- 
or nanometer range but aggregation becomes an issue when particle sizes are reduced 
past one micron. Opoczky et al. differentiated between agglomeration and aggregation 
phenomena, which take place simultaneously during breakage.23 While aggregation is 
characterized by weak, reversible adhesion of particles owing to van der Waal forces for 
short periods of time, agglomeration is an irreversible adhesion of particles resulting from 
chemical reactions and is predominantly found during extended periods of time. 
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Aggregation and agglomeration have been utilized to produce composites or 
homogeneous dispersions of grinded particles, usually in the form of a matrix.  
Aggregation and breakage occur at roughly the same point in time, with breakage being 
the dominant phenomenon during milling. To achieve an efficient scale-up process, it is 
important to accurately predict the point at which the inversion of breakage into 
aggregation occurs. The construction of a mathematical model accurately predicting 
breakage and reagglomeration has been a challenge due to two reasons, one is that there 
is insufficient data explaining the physical mechanisms involved and therefore the 
mathematical correlations employed to describe these phenomena do not reflect 
experimental observations, and two is the challenge to obtain accurate solutions to the 
population balance equations used to simulate the process. Kaya et al. proposed a model 
to describe both aggregation and breakage during the grinding of coal in a rotary ring and 
puck mill. This model was based on the presence of two distinct particle populations in 
the milling chamber, primary solid particles, and porous aggregates.24 Fadda et al. used 
the previous idea to develop a mathematical model describing breakage and aggregation 
and the inversion of breakage to aggregation during the milling process.25 It is well 
known that the presence of breakage and agglomeration is a function of a material’s 
mechanical properties. For a fragile powder, breakage leads to agglomeration that results 
in the formation of porous aggregates via van der Waals forces. Comparatively, for 
ductile particles, agglomeration leads to breakage by non-porous aggregates developing 
fractures. Accounting for all the parameters that affect particle size during the milling 
process using a one-dimensional (1D) model is virtually impossible. Two distinct 
populations, primary particles and aggregates of the same, can be considered to develop a 
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model. To maintain volume conservation, particle volume is selected as an internal 
coordinate and the model is based on constant density powders. The following equations 
constitute the model depicting breakage and agglomeration assuming that the particles 
are spherical:  
 
 
 
 
 
Equations 1, 2 
 
Where, 
 
n1, n2 – populations of primary particles and aggregates of the same respectively 
b1, b2 – binary breakage of primary particles and aggregates 
a11, a22, a12 – aggregation of two primary particles, two aggregates, and one primary 
particle with one aggregate 
 
The above model is efficient in predicting the transition from breakage to agglomeration 
of fragile materials during dry milling. Reliable curve-fitting procedures for determining 
experimental parameters are a major limitation.28 Experimental data suggest that ball 
milling dynamics and the impact of binary breakage of kernels has been successfully 
predicted. However, knowledge of apparatus dynamics is not sufficient to describe the 
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fate of agglomeration kernels. Another drawback of this model is that it cannot be applied 
to milling procedures of long durations wherein the compaction resulting from 
irreversible bonds replace weak electrostatic interactions. In these cases, accounting for 
the particle density variations is important, which requires a second internal coordinate to 
accurately simulate particle behavior.  
 
In this project, attrition milling has been used to achieve particle size reduction in a soft 
organic pharmaceutical compound (fenofibrate) and a hard material (nanodiamond).  
 
2.2  Need of milling in pharmaceutical materials  
 
Poor water-solubility is a common characteristic of drugs resulting from research and 
development, which often poses significant challenges.29 According to recent estimates, 
40 % of new chemical entities (NCEs) discovered are minimally water-soluble. Such 
chemical entities result in undesirable consequences including decreased bioavailability, 
higher possibility of food effects, incomplete release from formulated dose, and increased 
interpatient variability. Research on such drugs proves to be difficult because of several 
in vitro obstacles such as limited choices for drug delivery technologies and complex 
dissolution testing.   
 
Solubilization of drugs requires the selection of the appropriate salt form (solid state) and 
adjustment of the pH (liquid state). This is important because commonly employed 
solubilization techniques such as nanosuspensions and microemulsions consist of polar 
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compounds with co-solvents. Popular techniques to formulate poorly water-soluble drugs 
have been summarized in Table 1 (below). Such drugs require modifications in the form 
of chemical or mechanical changes either to the immediate environment surrounding the 
drug particles or through alterations of the macromolecular structures.  
 
 
 
Table 1: Different routes to improve solubility of drugs 
 
Technology Advantage Disadvantage 
Micronization 
Well-characterized 
technology; efficient for 
solid forms 
Insufficient increase in 
dissolution rate 
Ball milling 
Established products in 
market; under development 
for solid forms 
Licensing options 
available; improvements 
required to minimize 
reaggregation 
Drugs encapsulated in 
polymers 
Solvent free continuous 
process 
Unstable; prone to 
crystallization 
Nanocrystals from dense 
gas technology 
Efficient processing method 
Improvements required to 
avoid reaggregation 
Self dispersing solid 
solutions using 
surfactants 
Steric hindrance for 
aggregation forces 
Unstable product 
Lipid based formulations 
Safe and effective for 
lipophilic drugs 
Limited to lipophilic 
drugs; involves 
encapsulation 
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Self emulsifying drug 
delivery systems 
(SEDDS) 
Absorption independent of 
digestion; available in 
powders and tablets 
Surfactant may create 
reactions within the body 
Surfactant-cosolvent 
system 
High solvent capacity for 
typical active 
pharmaceutical ingredients 
(API) 
Drug precipitation on 
dilution 
Table 1 (continued) 
 
Existing technologies include both traditional and newer methods of solubility 
enhancement. Traditional methods include particle size reduction using comminution or 
spray drying, surfactants and drug-cyclodextrin complexes, while newer methods include 
self emulsifying systems, micronizing, etc. For some of these methods, solvent removal is 
a major limitation, which makes manufacturing and scale-up processes challenging. Dry 
techniques also lead to significant drug degradation due to mechanical stress and heating. 
The existing methods remain inadequate in improving solubilization of drugs.   
 
In this research study, fenofibrate, a lipophilic drug with extremely low solubility has 
been downsized to nanoscale and the effects of decreased particle size on dissolution 
kinetics have been reported. Nanosizing is a top-down approach to producing 
nanoparticles. The approach refers to the reduction of the active pharmaceutical 
ingredient (API) to nanoscale. The reduction of particle size down to about 100 nm 
results in improved dissolution kinetics and increased bioavailability. 30 
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Mechanical milling in a custom, temperature-controlled attrition mill has been employed 
to attain the desired size along with the application of sucrose (sugar) and salt as milling 
aids. Dissolution studies were carried out for salt- and sugar-milled samples to observe 
the effects on particle size. The profiles were compared with commercially available 
fenofibrate. A parametric study was accomplished to establish the potential use of sugar 
as a milling aid and the effects of parameters including duration, rotational speeds of the 
chamber shaft, media size, drug to sugar ratio. Further, the effects of surfactants such as 
sodium dodecyl sulfate (SDS) and cyclodextrin (CD) were assessed.  
 
2.2.1  Fenofibrate  
 
Fenofibrate is a lipophilic drug of the fibrate class and is useful in reducing low-density 
lipoproteins (LDL), very low-density lipoproteins (VLDL), and triglycerides, as well as 
increasing high-density lipoproteins (HDL). It is believed that fenofibrate’s mechanism 
involves modifications to the insulin resistance. Fenofibrate is sold under the brand name 
Tricor by Abbott Labs, Lofibra by Teva, and Lipanthyl by Solvay Pharmaceuticals.  
 
Like other compounds of the fibrate class, fenofibrate activates the peroxisome 
proliferators activated receptors (PPAR) specifically, PPARα, which in turn reduces 
cholesterol levels. The active ingredient in fenofibrate is fenofibric acid, which inhibits 
the synthesis of cholesterol and triglycerides, enhances the excretion of cholesterol in bile 
salts, and catalyzes the breakdown of triglycerides. 
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Fig 6: Chemical structure of fenofibrate with IUPAC name, propan-2-yl 2-{4-[(4-
chlorophenyl)carbonyl]phenoxy}-2-methylpropanoate. 
 
 
 
Fenofibrate exhibits a solubility of less than 0.0008 mg/mL in deionized (DI) water, 
which introduces difficulty in the determination of absolute bioavailability. It falls under 
class IV drugs characterized by low solubility and poor bioavailability in the 
Biopharmaceutics Classification System (BCS) classification.31 After oral ingestion, 
fenofibrate is rapidly hydrolyzed by the esterases into an active metabolite, fenofibric 
acid. The metabolite is conjugated with glucuronic acid and excreted through the urinary 
tract. The solubility of fenofibrate in a wide variety of media has been summarized in 
Table 2 (below). 
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Table 2: Saturation solubilities of fenofibrate in different media (Jamzad et al., 2006) 
 
 
 
Medium 
 
 
 
Saturation solubility 
(µg/mL) 
 
 
 
Cs/Cd 
(54 mg tablet) 
 
 
Cs/Cd 
(160 mg tablet) 
 
DI water 
 
 
0.8 
 
0.015 
 
0.005 
 
0.025M (~0.72 %) SLS 
 
195.3 
 
3.6 
 
1.22 
 
0.05M (~1.44 %) SLS 
 
445.9 
 
8.26 
 
2.79 
 
0.075M (~2.16 %) SLS 
 
728.1 
 
13.48 
 
4.55 
 
0.1M (~2.88 %) SLS 
 
910.8 
 
16.87 
 
5.69 
 
2% (~0.015M) Tween 80 
 
133.5 
 
2.47 
 
0.83 
 
Cs – saturation solubility of fenofibrate 
Cd – concentration of fenofibrate after complete dissolution in 1000 mL medium 
SLS – Sodium lauryl sulfate 
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2.2.2  Bioavailability 
 
Bioavailability has been defined by the Food and Drug Administration (FDA) as the ‘rate 
and extent to which an active moiety is absorbed from a drug product and becomes 
available at the site of action. The steps involved in the release and absorption of a drug 
taken in oral solid dosage form are illustrated in Figure 7 (below). 32 
 
 
 
 
Fig 7: Release and absorption of an orally administered drug.  Adapted from Persson. 
E., A.U.U., 2006. 
 
 
 
Oral bioavailability can be divided into three major determinants seen in the equation, 
 
 
                                                           Equation 3 
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Where, fa is the fraction of the dose that is absorbed across the apical cell membrane of 
the enterocyte, and EG and EH are the extraction of the drug over the gut and liver 
respectively.  
 
The fraction absorbed across the apical membrane is limited by the processes that take 
place on the membrane and in the lumen including dissolution of the drug in the 
gastrointestinal tract. This is a major issue with the poorly soluble drugs for which the 
dissolution process limits the absorption.  
 
2.2.3  Dissolution  
 
Drug dissolution can be understood by the extent and the rate of dissolution, which 
consists of two major steps, one is the drug release by the dosage form (known as the 
liberation process), and two is drug transport within the dissolution medium (called the 
convection process). 35 Factors influencing drug dissolution are: 
 
• Physicochemical properties of drugs (solubility, crystalline form, particle size, 
molecular structure, diffusivity in the dissolution medium) 
• Formulation characteristics (additives, coatings, manufacturing parameters) 
• Dissolution method (apparatus type; volume, surface tension, ionic strength, 
viscosity, and pH of the medium; and hydrodynamic conditions).  
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Further, the dissolution medium must provide sink conditions, that is, a saturation 
solubility at least 3 times greater than the drug concentration in the dissolution medium 
(as outlined in USP). Also, the drug concentration in the dissolution medium should not 
exceed 15% to 20% of saturation solubility of the drug in order to provide sink 
conditions. Absence of sink conditions result in incorrect kinetics and suppression of 
release profiles.  
 
 
 
 
 
Fig 8:  Possibility of shifting the solubility-dissolution characteristics from a very poorly 
soluble drug to D:S within the range of values encountered in the human gastrointestinal 
(GI)  tract ( D:S > 250 ml). (Adapted from R. Fassihi, SCOLR Inc., 2003) 
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According to the Biopharmaceutical Classification System (BCS), poorly soluble 
compounds fall under Classes III and IV, which feature compounds with poor solubility 
and high permeability, and poor solubility and poor permeability, respectively. A drug is 
referred to as a highly soluble if the largest dose of the said drug is soluble in less that 
250 mL water over the pH range 1-7.5. Additionally, highly permeable compounds 
demonstrate high absorption values (> 90%) based on typical administered doses.  
Compounds with solubilities lower than 0.1 mg/mL pose significant challenges during 
formulation processes.  
 
The dependence of dissolution rate on the surface area is described by the Nernst-
Brunner/ Noyes-Whitney equation: 39,40 
 
 
                                                                                    Equation 4 
 
Where, dX/dt is dissolution rate, Xd is amount dissolved in time t, A is particle surface 
area, D is diffusion coefficient, V is volume of fluid available for dissolution, Cs is 
saturation solubility, and h is effective boundary layer thickness.  
 
As mentioned earlier, dissolution rate depends on the physicochemical properties of the 
drug and the conditions within the GI tract (fasted or fed). Formulation techniques such 
as micronization, nanosuspensions, lipid formulations, and drug-cyclodextrin complexes 
are employed to increase the dissolution rate. Based on the Noyes/Whitney equation, 
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changes to dissolution media may be employed to increase the dissolution rate of the 
drug. Therefore, it is important for the dissolution media to closely resemble the 
environment of the GI tract to achieve realistic correlations.  
We can infer from Noyes Whitney equation that an increase in the particle surface area 
(A) possibly by decreasing particle size, leads to an increase in the dissolution and 
consequently, the bioavailability. 
 
2.2.4  Surfactants 
 
Surfactants are wetting agents that reduce surface tension of water by adsorbing at the 
liquid-gas interface or reduce interfacial tension between hydrophobic substances and 
water (by adsorbing at the liquid-liquid interface). These agents may assemble into 
aggregates, for example, vesicles and micelles, which are used for drug delivery.  
 
 
 
 
Fig 9: Micelle formation from surfactant monomers. 
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When micelles form in a predominantly water-based environment, the hydrophobic tails 
form the core and the hydrophilic heads form the outer shell of the structure, for example, 
the lipid bilayer of a cell membrane. The hydrophilic head maintains favorable contact 
with water while the hydrophobic tails interact with hydrophobic molecules. Surfactants 
are often classified into four sub-groups, namely, anionic, cationic, non-ionic, and dual-
charge. This research study has utilized two surfactants, cyclodextrin and sodium dodecyl 
sulfate.  
 
2.2.5  Cyclodextrin 
 
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of multiple (α-1, 4)-linked α-
D-glucopyranose units that possess the amphoteric properties of a lipophilic core and a 
hydrophilic external surface. 
 
Aigner et al. studied the effects of cyclodextrin complexation on numerous compounds 
including fenofibrate. 43 The samples were prepared using drug:CD mole ratios of 1:1, 
1:2, 1:3, or 2:1, and three methods (powder mixing, kneading, precipitation). The results 
showed as improvement in the dissolution profiles. The samples were primarily prepared 
as kneaded products and precipitated products. In the case of kneaded products, physical 
mixtures of the drug and dimethyl-beta-cyclodextrin (DIMEB) were mixed in the same 
ratio of ethanol and water, and kneaded until the solvent mixture completely evaporated. 
The product was dried, pulverized, and sieved, following the kneading process. 
Precipitated products were formed when a saturated solution of fenofibrate and DIMEB 
33 
 
 
were mixed and cooled with continuous stirring. The resulting precipitate was filtered, 
ground, and sieved.  
 
 
 
 
 
Fig 10: Influence of the drug:DIMEB ratio on the dissolution kinetics of the precipitants 
(at 37C ~ from 100 mg pure drug). The highest dissolution was found for a drug:DIMEB 
ratio of 1:3. The maximum was observed 15-30 min of the process, which indicated 
saturation. (Aigner et al., 1995) 
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Cyclodextrins interact with poorly soluble drug molecules to increase their solubility by 
forming inclusion complexes. Use of CD is predominant in applications involving 
Classes II and IV, since these compounds develop Class I characteristics post-CD 
treatment.  
 
 
 
 
            Fig 11: The three types of cyclodextrins are alpha, beta, and gamma CDs.  
 
 
 
The three types of CDs, α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin consist of 6, 7, 
and 8 sugar ring fragments, respectively.  
 
Cyclodextrin complexation has been used to solubilize both hydrophilic and hydrophobic 
molecules. CDs form either inclusion or non-inclusion complexes with drug molecules. 
Also, CDs and their complexes form water soluble aggregates which solubilize lipophilic 
drugs by formingnon inclusion complexes or micelles. 46 
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The CD core provides a lipophilic microenvironment into which suitably sized 
hydrophilic drug molecules may enter. No covalent bonds are formed or destroyed during 
the drug/CD complex formation, and in aqueous solutions, these complexes readily 
dissociate. The rate of formation and dissociation of drug/CD complexes are similar to 
those observed in diffusion controlled reactions. 
 
2.2.6  Sodium Dodecyl Sulfate 
 
Sodium lauryl sulfate (SLS) or sodium dodecyl sulfate (SDS or NaDS) is an anionic 
surfactant that is used in a wide range of industrial and household products. The molecule 
has a 12-carbon tail, attached to a sulfate group, resulting in an amphiphilic structure with 
detergent properties. 51 
 
 
 
(a)      
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(b)      
Fig 12:  Chemical structure of SDS (a), and the head and tail section of a monomer (b). 
 
 
 
Jamzad et al. showed that the presence of SDS improved dissolution kinetics of 
fenofibrate. To study the effect of surfactant intervention, 0.025 M SDS was used with 
0.1 N hydrochloric acid.  
 
 
Fig 13: Dissolution profiles of fenofibrate (54 mg tablets) in water and different 
surfactant media at 75 rpm. (Jamzad et al.) 
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Drugs need to be water-soluble to exhibit efficient delivery through gastrointestinal 
membranes while retaining their inherent properties. With majority of drugs 
underperforming due to solubility and bioavailability issues, the potential future of drug 
therapeutics lies in the research dedicated to solving these challenges.  
 
Particle size reduction is the main focus of industrial and academic research groups today 
due to the potential applications in the biopharmaceutical industry. Nanoparticulate 
systems are being designed for controlled and efficient drug delivery applications. The 
scaling-up of proposed methods has been difficult, with most techniques not making this 
transition successfully.  
The current research study was undertaken on a lipid-based drug fenofibrate and the 
specific goals include: 
 
• Produce an active compound in a nanoparticulate form by novel milling techniques, 
specifically, salt- and sugar-assisted milling of the commercially available drug. 
• Establish optimal parameters and environmental conditions for improved dissolution 
kinetics 
• Evaluate dissolution behavior of salt- and sugar-milled fenofibrate particles  
• Investigate use of surfactants to improve dissolution kinetics 
 
 
 
 
38 
 
 
2.3  Need of milling in carbon based materials  
 
Carbon nanostructures such as fullerenes and carbon nanotubes (CNT) have evolved to 
become the preferred choice of material from a nanotechnology perspective. New carbon 
materials including carbolite, nanostructured graphite, and nanodiamond (ND) are also 
gaining popularity due to their wide range of applications. Though graphite was first 
synthesized in the 19th century, synthesis of artificial diamonds did not occur until the 
middle of the 20th century. 57 The graphite group of nanocarbons consists of carbon 
fibers, glass-like carbons, pyrolytic carbons, etc. These nanocarbons have been utilized in 
a variety of applications, for example, with lithium ion rechargeable batteries in the form 
of carbon anodes. Buckminsterfullerenes (buckyballs) and fullerene nanotubules 
(buckytubes) were discovered in mid 1980s, which since then have found applications in 
research and industry. These developments have led to the emergence of the field of 
carbon nanoscience, which is defined as the study of all carbon entities at the nanoscale. 
Briefly, carbon nanoscience includes the study of: 
 
• Interrelationships between nanocarbons 
• Conditions required for the transformation of one nanocarbon to another and vice 
versa  
• Possibilities to combine nanocarbons and create more complex structures 
 
Carbon nanostructures can be classified based on their dimensionality. Zero-dimension 
structures include fullerenes and diamond clusters, nanotubes are described as one-
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dimensional, graphene is two-dimensional, and three-dimensional structures consist of 
nanodiamond and fullerite. These nanostructures may be further classified based on their 
allotropic forms. Historically, graphite and diamond were considered to be the only two 
allotropes of carbon, but more recently, amorphous carbon has been considered the third 
allotrope. It is important to note that the structure of amorphous carbon is similar to 
graphite and this has raised questions about amorphous carbon being the third allotrope 
of carbon. Elemental carbon exists in sp3, sp2 and sp hybridized states, representative of 
diamond, graphite and carbine, respectively. All other types of carbon (vitreous carbon, 
soot, carbon black, etc.) are considered as translational forms. Pioneers in the 
nanotechnology field have suggested numerous classification schemes for nanocarbons.  
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Fig 14: Carbon nanostructures: (a) diamond, (b) graphite, (c) lonsdaleite, (d) 
buckminsterfullerene, (e) C540, (f) C70, (g) amorphous carbon, (h) carbon nanotube 
(Released by Michael Ströck under the GNU Free Documentation License). 
 
 
 
Composites are a class of materials engineered from two or more components of different 
physical and/or chemical properties. These materials are combined in a way that the 
constituents are distinguishable at the macroscale. The engineered material incorporates 
the characteristic properties of different materials. Various carbon nanostructures such as 
carbon nanotubes and nanodiamonds have found applications in composite materials. 
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Kim et al. conducted studies on polymer-CNT composites using single-walled carbon 
nanotubes (SWNTs) and poly(L-lysine).58,59 The resulting composite was a combination 
of the advantageous properties of both components, characterized by low weight and 
exceptional mechanical strength. To synthesize composites with uniform distribution of 
carbon nanotubes, dispersion of nanotubes in liquid media is important and therefore has 
proven to be the greatest challenge. Water soluble poly(L-lysine) was used to disperse 
carbon nanotubes using high-speed vibration milling. The nanotubes were milled in a 
stainless steel capsule with 12 mm stainless steel balls. Ball milling treatment was found 
to decrease the lengths and enhance the irreversible adsorption of the polymer on CNT 
surfaces. A study by Shin et al. reportedly achieved dispersion of carbon nanotubes in 
organic media by milling with polystyrene beads in a high-speed vibration mill. The 
resultant composite showed high dispersibility of nanotubes in polystyrene. 59 
 
Nanoparticles such as nanodiamonds, nanoclays, and carbon nanotubes, among others, 
have a tendency to agglomerate in liquid media and effective methods of 
deagglomeration are required. The importance of deagglomeration lies in the fact that the 
bonding forces between powders must be broken to result in a monodispersion. 
Ultrasonication is a well-known technique that utilizes ultrasonic cavitation to break 
weak bonds between particles. Ultrasonication exposes the liquid to ultrasound waves 
that propagate through the liquid and cause alternating high/low-pressure cycles. The 
pressure cycles apply mechanical stresses on the forces between particles and cleave 
them. However, for certain materials, ultrasonication may not be sufficient to disperse the 
particles into liquid media and other methods such as milling are required.  
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2.3.1  Nanodiamond 
 
Nanodiamond is the term used to describe and identify a variety of structures that include 
diamond crystals found within interstellar dust and meteorites, diamond particles 
nucleated in gas phase or on the surface, and nanocrystalline films. Nanodiamond is a 
novel carbon nanomaterial with useful properties including optical transparency, thermal 
conductivity, dimensional stability, electrical insulation, chemical stability, and 
biocompatibility. Diamond was synthesized in the 1950s from graphite using high 
temperature/pressure conditions. In the next decade, chemical vapor deposition at low 
pressures was used to synthesize polycrystalline films. In the 1960s, research teams from 
DuPont De Nemour & Co, synthesized diamond from shock wave compression applied 
to carbon materials. The resultant material was polycrystalline diamond with a grain size 
from 1 to 50 nm, and was used in high precision polishing applications. A more efficient 
method to produce diamonds by detonation was perfected by Russian scientists through 
independent studies carried out during the 1960s. 60,61 
 
2.3.1.1  Synthesis  
 
Nanodiamonds have been primarily synthesized using gas phase nucleation or graphite 
transformation within shock waves. Nanodiamonds have been subdivided into two types, 
as final products of synthesis procedures and nanodiamond nuclei resulting from the 
interruption of conventional processes. In another commonly used method for diamond 
synthesis, clusters of diamonds are formed when detonation of explosives is carried out in 
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a hermetically sealed chamber. The explosives are essentially composed of carbon, 
oxygen, nitrogen and hydrogen, with a negative oxygen balance (i.e., an oxygen content 
lower than needed for complete conversion of C into CO2). The explosion occurs in a 
non-oxidizing medium in the presence of a gas, water or ice within a temperature-
controlled environment. Coolant is required to avoid the transformation of diamond into 
graphite. When the explosives are detonated, the shock wave compresses the charge and 
causes chemical decomposition, releasing large amounts of energy in a fraction of a 
microsecond. The detonation wave generates high temperature and pressure conditions 
(3000 – 4000 K and 20 – 30 GPa) causing the carbon to aggregate into clusters. The 
detonation soot contains nanodiamond particles 40-80 % (by weight).  
 
 
 
 
 
Fig 15: The steps involved in synthesis of nanodiamond via detonation. Spherical/ 
cylindrical explosive capsules are detonated in a controlled environment. The carbon 
from the explosives condenses and clusters. The resultant soot contains 40-80 % 
nanodiamond (by weight), which is further collected and purified.  
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2.3.1.2  Properties and aggregation problem 
 
Through characterization techniques such as X-ray diffraction and transmission electron 
microscopy, it was demonstrated that the diamond clusters in the soot consist of a core of 
4.3 nm surrounded by a shell of sp2 hybridized carbon. The thickness of this shell 
depended on the cooling kinetics of the detonation products. When characterized using 
microscopy and spectroscopy techniques, it was determined that post-purification, no 
amorphous phases or graphite was found in the nanodiamond. Purification of 
nanodiamond powders is achieved through chemical methods. Typically the as-produced 
diamond-containing soot is subjected to treatment with nitric acid under pressure to 
selectively remove the non-diamond phase. After rinsing with water, traces of acid are 
removed by ion exchange resins. Owing to large surface energies, the primary 
nanodiamond particles of 4 nm form larger clusters of 20-30 nm, which in turn form large 
aggregates held together by weak forces. The properties of nanodiamonds are 
summarized in Table 3.  
 
Single crystals of cubic diamond particles were discovered by Titov et al. in 1963 as a 
result of oxygen deficient detonation of carbon-based explosives within inert media. 
Nanoscale diamonds are obtained through detonation of trinitrotoluene (TNT) and 
cyclotrimethylenetrinitramine (RDX/hexogen) in an oxygen deficient environment. 
Owing to a very high surface energy, the nanodiamond particles have a strong tendency 
to aggregate and the primary particles of 4-5 nm are very difficult to isolate. The extreme 
conditions of the detonation environment lead to functionalization of the particle surfaces 
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by the reaction between dangling bonds and surrounding medium, and the high 
temperatures result in partial graphitization.  
 
 
 
 
 
Table 3: Properties of nanodiamond.  
 
 Nanodiamond Property Value 
1 
 
Structure 
 
 
Cubic (a=0.3573 +/- 0.0005 
nm) 
2 
 
Density 
 
 
3.30 gm/cu. cm 
3 
 
Particle size 
 
2 – 20 nm 
 
4 
 
Average monocrystal size 
 
4.3 nm 
5 
 
Size of uncrushable aggregates 
 
 
20 – 50 nm 
6 
 
Specific surface area 300 – 400 sq. m/ gm 
7 
 
Pore volume in powder 
 
0.3 – 1 sm3/gm 
8 
 
Density of dislocations 
 
1.8 x 1017 
9 
 
Composition (at. %) 
 
C (93.2 – 100), O (0 – 6.8) 
10 
 
Initial air oxidation temperature (purity 
dependant) 
 
430 C 
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Table 3 (continued) 
 
 
 
Single crystals of cubic diamond particles were discovered by Titov et al. in 1963 as a 
result of oxygen deficient detonation of carbon-based explosives within inert media.  
 
2.3.1.3  Current methods  
 
Dispersibility of nanodiamond in aqueous solutions is an extremely important 
consideration for biological applications. In 2005, Osawa et al. achieved nanodiamond 
disintegration into primary particles through stirred media milling. 62 Nanodiamond was 
milled using 30 µm diameter zirconia beads and running water in a vertical stirred mill 
for three hours. The beads were separated by filtration, and the slurry was diluted and 
sonicated to obtain a colloidal solution of deaggregated nanodiamond. The author 
proposes that the deaggregation may be caused by a shearing action of beads in the 
turbulent flow of slurry rather than head-on collisions between beads and nanodiamond 
aggregates. Wet media milling results in contamination of nanodiamond slurries with 
fragments of zirconia beads, which are difficult to remove by filtration or centrifugation 
11 
 
Initial vacuum graphitization temperature 
 
1100 – 1200 C 
12 
 
Resistivity 
 
 
7.7 X 109  Ohm meters 
13 
 
Electrophoretic surface charge 
 
 
-78.44 mV 
14 
 
Refractive index 
 
~ 2.55 (at wavelength = 580 
nm) 
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techniques. Also, collisions in the milling chamber result in high temperatures that are 
significant to convert diamond carbon atoms to graphite.  
 
The major difficulty in purification seems to arise from the active surface of particles that 
can be easily oxidized in air and transformed into graphite through mechanical stress by 
milling.  
 
Ozawa et al. improved upon stirred media milling and reported the dispersion behavior of 
nanodiamond in organic solvents. 63 It was established that smaller zirconia beads (20 
µm) resulted in improved efficiency of the milling process. However, the procedure 
wears out beads, blades, and the zirconia vessel, easily. Furthermore, it has been observed 
that higher peripheral speed and longer milling time increase levels of zirconia 
contamination. The author suggests using high power sonication of nanodiamond 
aggregates along with zirconia beads to disintegrate aggregates.   
 
We introduce a novel, simple and efficient deagglomeration technique to mill 
nanodiamond into primary particles using sodium chloride and sucrose as milling media. 
The hardness of the dry media employed renders it capable of crushing nanodiamond 
agglomerates and can be easily ground to a size comparable to that of nanodiamond. 
Furthermore, the media surrounds the milled nanodiamond and isolates individual 
particles, preventing reagglomeration. The media can be easily removed after milling by 
rinsing with water leaving no contamination in nanodiamond. Additionally, steel balls of 
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4.78 mm diameter were employed during milling to promote stirring and efficient mixing 
of media and nanodiamond.  
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3.  MATERIALS AND METHODS 
 
 
This section describes the materials and methods used in milling soft and hard materials, 
as well as characterization of the milled materials to verify efficiency of the process.  
 
3.1  Materials 
3.1.1  Fenofibrate  
 
Fenofibrate was purchased from Sigma Aldrich, (USA) with CAS number 49562-28-9, 
and was claimed to be more than 99 % pure by the manufacturers.  
 
3.1.2  Nanodiamond  
 
Nanodiamond powder (UD90 grade) was provided by Nanoblox, Inc., (USA) and used 
without subsequent purification.  
 
3.1.3  Sodium Chloride 
 
Sodium chloride (NaCl), also known as common salt or table salt, is a white crystalline 
compound with a closed cubic packed structure. The sodium and chloride ions are bound 
through electrostatic forces (ionic bonds). Sodium chloride has been utilized in these 
experiments as a milling aid. The characteristic of a milling aid is that it undergoes 
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milling itself and downsizes the sample further. Sodium chloride was chosen due to its 
optimum texture, which is soft enough to be milled without causing damage to the steel 
balls and sufficiently hard to mill the compounds chosen. Also, sodium chloride is neither 
chemically reactive with the pharmaceutical compound being considered nor does it 
result in any harmful contamination. Trace amounts of sodium chloride in the dried drug 
powder are safe for oral intake. Additionally, due to its high solubility in water (35.9 
g/100 mL at 25°C), it was possible to efficiently remove sodium chloride from the milled 
products by rinsing.  
 
The salt used in this project was purchased from Sigma Aldrich (USA) with CAS number 
7647-14-5 99.5 % pure as specified by the manufacturer.  
 
3.1.4  Sucrose   
 
Sucrose (C12H22O11), also known as table sugar or saccharose, is a white, odorless, 
crystalline, disaccharide compound derived from glucose and fructose subunits. Sucrose 
has been employed in this project as a milling aid similar to sodium chloride. Sucrose, a 
molecular solid, is similar in hardness to sodium chloride which is an ionic compound. 
Both sucrose and sodium chloride were studied as milling aids to observe the effect on 
milled nanoparticle dispersions. Sodium chloride dissociates into ions when dissolved in 
water. Sucrose, being a molecular solid, does not dissociate into ions and consequently 
causes no change the ionic composition of the environment.  
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The sucrose used for this project was purchased from Sigma Aldrich (USA) with CAS 
number 57-50-1 99.5 % pure as specified by manufacturer.  
 
3.1.5  Alpha-Cyclodextrin 
 
Cyclodextrins (CDs) are cyclic oligosaccharides consisting of multiple (α-1, 4)-linked α-
D-glucopyranose units that possess the amphoteric properties of a lipophilic core and a 
hydrophilic surface. Cyclodextrins interact with poorly soluble drug molecules to 
increase their solubility by forming inclusion complexes wherein, the guest and host 
molecules are in dynamic equilibrium with the complex. Use of CDs is predominant in 
applications involving Class II and IV compounds. The latter is because CDs alter the 
properties of these classes such that they exhibit Class I-like characteristics.  
 
Cyclodextrin was purchased from Sigma Aldrich (USA) with the CAS number 10016-20-
3 and was specified to be over 98 % pure by the manufacturer.  
 
3.1.6  Sodium dodecyl sulfate 
 
Sodium lauryl sulfate (SLS, C12H25SO4Na) or sodium dodecyl sulfate (SDS or NaDS) is 
an anionic surfactant that is used in numerous industrial applications. The molecule has a 
tail of 12 carbon atoms attached to a sulfate group, giving rise to the amphiphilic 
properties required of a detergent.  
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Sodium dodecyl sulfate was purchased from Sigma Aldrich (USA) with the CAS number 
151-21-3 and was over 98 % pure as specified by the manufacturer.  
 
3.2  Methods  
3.2.1  Attrition Mill  
 
The mill used for this project was designed by iCeutica Inc. and manufactured by Union 
Process Inc. (Ohio). The mill can be operated at temperatures below zero, ranging from 
-30°C to 200°C, and is suitable to carry out mechanochemical reactions.  
 
The mill was purchased along with two vessels of volumes 110 cc and 1000 cc and 
stainless steel balls of diameters 0.125’’, 0.188’’ and 0.250’’. For the scope of this 
project, only the 110 cc vessel was used because of the laboratory scale of the 
experiments. The agitator shaft speed may be varied from 70 rpm to 700 rpm, which 
provides fine parametric control.  
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Fig 16: Picture of (a) Temperature-controlled attrition mill, (b) Milling vessel with 0.25” 
milling media and, (c) Schematic illustrating the inside view of the milling chamber. 
 
 
 
3.2.1.1  Milling of fenofibrate  
 
Fenofibrate powder composed of particles ranging from 40 to 500 µm was milled with 
sodium chloride and/or sucrose and steel balls. Important parameters defined for milling 
techniques such as milling duration, fenofibrate to milling aid ratio, and milling speed 
were varied and resultant particle sizes were recorded. For these experiments the 0.188” 
(1/6 in or 0.478 cm) steel balls were employed.  
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Commercial fenofibrate was milled with sucrose in a 110 cc stainless steel chamber with 
0.25” stainless steel balls. The milling was performed in an Argon environment. The 
speed of rotation was maintained at 500 rpm and the milling chamber was cooled down 
and maintained at 0oC for the entire duration of the experiment. This temperature was 
utilized so as to minimize drug degradation caused by heat. The drug to sucrose ratio 
used in these experiments was 1:7.  
 
The milled extract was rinsed with DI water to remove sucrose. The solution was 
centrifuged at 6000 rpm for 15 minutes to dissolve the sucrose further. The supernatant 
was discarded and the pellet at the bottom of the centrifuge tube was re-suspended in 
water. This procedure was carried out thrice to ensure sucrose removal.  
 
After milling the powder was separated from the steel balls by sieving. Since fenofibrate 
is a hydrophobic compound, it is simple to remove the milling aid by rinsing with 
deionized water. When sodium chloride (NaCl) was used as milling media, the removal 
was verified using a common silver nitrate (AgNO3) test to confirm the absence of 
chloride ions in the solution. The reaction follows: 
 
AgNO3 + NaCl (from supernatant)  AgCl (white precipitate) + NaNO3      
Equation 5 
Where,  
AgCl is silver chloride, a white precipitate, and NaNO3 is sodium nitrate.   
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In the case of sucrose, since there is no quick laboratory test to confirm absence of 
sucrose in the supernatant, the sample was rinsed with deionized (DI) water multiple 
times.  
 
The milled fenofibrate was dried and stored for characterization and further analysis.   
 
3.2.1.2  Milling of nanodiamond  
 
Nanodiamond powder was milled with sucrose, salt or a combination thereof. During the 
milling, nanodiamond and milling media was crushed in-between the steel balls. Small 
sodium chloride or sucrose particles break the nanodiamond aggregates by impact, wear, 
and other mechanisms. As the size of the milling media is reduced along with 
nanodiamond aggregate size, sodium chloride and sugar particles isolate the milled 
nanodiamond particles preventing re-agglomeration.  
 
When sodium chloride was used as milling media, the removal was verified using a 
common silver nitrate test to confirm the absence of chloride ions in the solution. Once 
again, since no quick and direct lab test is known to confirm presence of sucrose in 
solution, milled nanodiamond solution was rinsed multiple times with DI water to 
remove sucrose.  
 
The vessel was cooled to 0oC to minimize the heat generated due to wear and impact 
during milling. The mill was loaded with a charge consisting of nanodiamond powder, 
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dry milling media (sucrose) and 19 oz steel balls (4.78 mm diameter). The charge was 
milled with varying parameters to determine optimal conditions that would result in 
primary particles. While steel balls were used to promote stirring, dry milling media was 
selected because of its hardness and the ease of grinding into finer particles. The milled 
nanodiamond powder was characterized using SEM and dynamic light scattering 
techniques.  
 
After sodium chloride or sugar was removed, the pH of de-agglomerated nanodiamond 
suspensions was brought to ~11.4 to facilitate electrostatic repulsion of the ND particles 
(suppress their aggregation) by surface COOH dissociation.  
 
 
 
 
 
 
 
 
 
 
Fig 17: pH adjustment of nanodiamond suspensions. 
 
 
 
The color change of nanodiamond dispersions from muddy brown to translucent black 
was observed during pH adjustment. The samples were analyzed using scanning electron 
microscopy (SEM) and particle size analyses.  
ND
O
OH
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O
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+ OH
-
+ H2O
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3.2.2  Dissolution  
 
Dissolution tests were conducted to ascertain improvement in dissolution rate of milled 
fenofibrate. When a drug is administered orally, the drug absorption depends on three 
factors, namely, release of drug particles from the drug product (e.g. tablets), dissolution 
of drug, and permeability across the gastrointestinal (GI) tract. In vitro tests may be 
conducted to predict the performance of formulations within the human body.  
 
3.2.2.1  Dissolution apparatus  
 
The selection of an appropriate dissolution apparatus is an important factor in formulation 
studies to accurately predict the compound’s performance in vivo. Due to a debate in the 
scientific community regarding the specifications of such an apparatus, different groups 
across the world follow different guidelines. The International Pharmaceutical Federation 
(FIP) has issued a set of guidelines and suggestions to the compendium committees 
working on release tests for their respective pharmacopeias. 64 
 
A widely accepted principle for in vitro dissolution studies is the use of what is known as 
the ‘stirred beaker’ method. For this project, a variation of the stirred beaker method was 
developed. The setup was different in dimension taking into consideration laboratory 
limitations, as opposed to what is suggested by the FIP. Overall, our setup is the same in 
principle compared to FIP protocol.  
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The apparatus consists of a cylindrical glass beaker with a cooling jacket of dimension 15 
cm by 9.5 cm (l x b) and an inner diameter of 8.5 cm. The capacity of the beaker is 500 
mL. The beaker is covered with a glass plate to avoid evaporation of dissolution medium. 
The cooling jacket is connected to a pump that circulates a solution of ethylene glycol to 
maintain a temperature of 37°C. A magnetic stir bar of dimension 8 cm by 0.2 cm (l x b) 
is placed in the dissolution medium for stirring at 70 rpm.  
 
The dissolution medium utilized was 0.1 N hydrochloric acid, which was chosen to 
simulate the acidic environment of the gastrointestinal tract.  
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     Fig 18: Apparatus used for dissolution studies (Mochalin et al, 2009). 
 
 
 
To conduct dissolution studies, 500 mL of dissolution media was poured into the 
apparatus and equilibrated to 37°C (for 30 min) while stirring at 70 rpm. The sample was 
added keeping sink conditions constant and 3 mL samples were collected at logarithmic 
time intervals. The sample was withdrawn from a location midway between the surface 
of the media and the top of stir bar, making sure to avoid the walls of the beaker by at 
least 1 cm. The aliquots withdrawn were replaced with fresh dissolution media. 66  
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The concentration of fenofibrate in the media was determined by ultraviolet-visible (UV-
Vis) spectrometry.  
 
3.2.3  Characterization techniques  
 
Peltonen et al. have summarized all the techniques required to characterize nanoparticles 
effectively. 65 Characterization may be important for: 
 
• Surface characteristics that affect stability of particle dispersions 
• Particle sizes that alter efficiency of formulations  
• Physical state of drug that affects solubility properties and dissolution rates 
• Surface area and porosity that influence rate of drug release and biodegradability  
 
Characterization is especially important for biological applications. It has been shown 
that the immune response to encapsulated antigens administered via the nasal cavity is 
more significant for nanoparticles as compared to their microparticle counterparts.  
 
3.2.3.1  Particle size measurements  
 
Particle size can be measured using a variety of techniques, depending on the 
approximated mean particle size of the sample and estimated deviation. Frequently, a 
combination of two techniques is used to describe the particle size of a population. Some 
of these techniques employed include scanning electron microscopy (SEM), transmission 
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electron microscopy (TEM), environmental scanning electron microscopy (ESEM), 
sedimentation, the Coulter counter, optical light microscopy, atomic force microscopy 
(AFM) and hydrodynamic capillary fractionation.   
 
 
 
 
 
Fig 19: Particle size measurement methodologies and their corresponding detection 
limits. 
  
 
3.2.3.1.1  Scanning electron microscopy  
 
Scanning electron microscopy (SEM) provides the capability to estimate size and 
morphology of particles. However, the sample may require metal (platinum or gold) 
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coating on the surface, which may alter the properties of particles. Also, since the 
measurement allows only analyzes a small area of the sample, a representative sample 
may be difficult to obtain.   
 
SEM utilizes accelerated electrons to visualize topography and structure of the sample on 
a sub-micron scale. The instrument used in this project was a Zeiss Supra 50VP, which 
has a spatial resolution of 0.4 nm at 30 kV, enabling magnifications of 1000k X. 
 
In a scanning electron microscope, a finely focused electron beam with energies ranging 
from 100 V to 40 kV is targeted at the sample surface to create a representative image. As 
electrons interact with the sample surface, three radiations are emitted, namely, secondary 
electrons, backscattered electrons and X-rays. SEM uses the secondary electrons to 
generate topographical information about the sample surface. The Zeiss SEM is equipped 
with an in-lens detector that traps the secondary electrons and spirals them into the 
detector, which enables an increased resolution than other existing SEMs.  
 
If non-conducting samples are analyzed using a SEM, electrons build up on the surface 
and cause scattering of the electron beam, which further interferes with the analysis. 
Using a conductive coating can lead to misrepresentation of sample topography, 
especially at the nano-scale. Therefore, for both fenofibrate and nanodiamond, samples 
were dispersed in water and a drop was placed on an aluminum stub that was allowed to 
dry prior to imaging. To avoid charging of the sample, analysis was conducted at very 
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low accelerating voltages and higher working distance. The optimal working distance 
was in a range of 4-10 mm and the accelerating voltage was between 2-15 kV.  
 
 
 
 
 
 
Fig 20: Components of a scanning electron microscope (courtesy of Purdue University). 
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3.2.3.1.2  Dynamic light scattering  
 
Compared to scanning electron microscopy, particle size measurements using dynamic 
light scattering are fast, precise, sensitive, and have a large dynamic range. However, the 
algorithms formulated to convert the light scattering results to particle size information 
assume that particles are spherical and that there are large differences between refractive 
indices of the two phases (dispersed particles and dispersant).  
 
The instrument used in this project is a Malvern Zetasizer Nano ZS equipped with a 
MPT-2 autotitrator. Dynamic light scattering (DLS), Photon Correlation Spectroscopy 
(PCS) or Quasi-Elastic Light Scattering (QELS), is a well-known, non-destructive 
technique to measure particle sizes in the submicron region.  
 
Particles in suspension undergo Brownian motion, which is induced by collisions with 
solvent molecules that are moving due to their thermal energy. If these particles are 
illuminated with a laser, the speckle pattern of the scattered light fluctuates at a rate that 
is dependent upon the size of the particles, since smaller particles move at a greater 
speed. Analysis of these intensity fluctuations yields the velocity of the Brownian motion 
and the particle size from the Stokes-Einstein relationship. 
 
 
 
                                                                                                 Equation 6 
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Where, 
 
D is the diffusion constant, 
q is the electrical charge of a particle, 
µq, the electrical mobility of the charged particle, i.e. the ratio of the particle's terminal 
drift velocity to an applied electric field, 
kB is Boltzmann's constant, 
T is the absolute temperature, 
η is viscosity 
r is the radius of the spherical particle. 
 
The diameters measured using DLS are referred to as the hydrodynamic diameters and 
describe how a particle diffuses within a fluidic environment. The diameter obtained by 
this technique is that of a sphere, with an identical translational diffusion coefficient as 
the particle being measured.  
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Fig 21: Dynamic light scattering to measure particle size. 
 
 
 
3.2.3.2  Ultraviolet-Visible spectroscopy 
 
Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis or 
UV/Vis) is a spectroscopic technique that utilizes photons in the UV-visible wavelength 
spectrum. The UV-Vis spectrophotometer consists of a light source, a sample 
compartment, a diode-array detector and a data acquisition unit. The sample is placed in a 
compartment between the light source and the detector. The detector records the amount 
of ultraviolet and visible light transmitted through the sample. Liquid samples contained 
in a cuvette are measured with a path length of 1 cm.  
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The wavelength at which a compound absorbs incident light is a function of its structure 
and so the UV-Vis spectrum can provide valuable information. The instrument may 
measure transmittance (%T), which is the percentage of light transmitted through the 
sample, or absorbance (A), which is the logarithm of the ratio of intensity of light 
absorbed by the sample to the intensity of incident beam. Equivalently, absorbance may 
be estimated as the negative logarithm of transmittance. 
 
Beer-Lambert’s law describes the relationship between concentration and absorbance of a 
compound. It states that the absorbance and concentration are linearly proportional as 
long as the path length is kept constant. 
 
 
                                                                                Equation 7 
 
Where, 
 
A: absorbance 
l: path length 
ε: extinction coefficient 
C: concentration  
 
Prior to measuring the absorbance, a calibration curve is plotted wherein, a series of 
known concentrations are measured and their absorbances are recorded.  
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For this project, a Perkin Elmer Lambda 45 UV/Vis double-beam spectrometer was used. 
The spectral range of this instrument was between 190-1100 nm. Deuterium and tungsten 
halogen lamps were used to provide the UV radiation. Standard quartz cuvettes were used 
for sample analysis and the absorbances were observed at a wavelength of 292 nm 
(maximum absorption of fenofibrate).  
 
 
 
 
 
 
Fig 22: Dual beam UV/Vis spectrometer.  
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4.  RESULTS 
 
 
4.1.  Milling of fenofibrate 
 
Fenofibrate is a popular cholesterol reduction drug formulated for oral delivery. Due to 
extreme hydrophobicity, in-vivo dissolution and consequently bioavailability remains 
severely compromised. Fenofibrate was milled with non-toxic dry media of optimal 
hardness, which provides for easy removal and cost-effectiveness. For these reasons, two 
commonly available media (sodium chloride and sucrose) were utilized and their 
effectiveness was demonstrated. The optimization principles may be extended to other 
media with similar characteristics.  
 
4.1.1  Salt milling of fenofibrate  
 
According to the Noyes-Whitney (equation 4) increase in particle surface area results in 
an improved dissolution rate. Further, reducing particle size to nanoscale could increase 
the overall surface area of the powder form of a compound. Fenofibrate was milled with 
sodium chloride and the effects of milling parameters (time, speed, drug-salt ratio, media 
size) on particle size were observed. 66 
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The milled fenofibrate powder was characterized by scanning electron microscopy 
(SEM), differential scanning calorimetry (DSC), X-ray diffraction (XRD), and BET-SSA 
(specific surface area) techniques, to quantify the effects of milling on particle size. 
Particle size reduction resulted in broadening of XRD peaks and a decrease in the melting 
point, confirmed by DSC analysis. SEM results gave a qualitative estimation of particle 
size changes. However, SEM analysis is local and may not always be considered as 
representative. Thus, specific surface area (BET-SSA) measurements were conducted 
were conducted in order to obtain a statistically accurate trend of the particle size 
reduction. On the other hand when analyzing surface area results it is important to keep in 
mind distortive influence of agglomeration, which prevents the adsorbate (gas) from 
reaching the surface of individual particles, thereby resulting in a larger particle size 
value. The results from this study have been summarized in the table below: 
 
 
 
Table 4: Effect of various parameters on particle size, confirmed by specific surface area 
and melting point measurements. (Mochalin et al., 2009) 
 
 BET SSA  
(m2/g) 
Particle Size  
(calculated from SSA) 
Melting Point  
(oC) 
As-received 0.074 63 µm 83.26 
Milling time, min 
30 0.1 47 µm 81.42 
45 4.0 1.2 µm 80.49 
60 6.8 700 nm 80.46 
180 29.0 165 nm 80.44 
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Table 4 (continued) 
 
Based on Table 4, the optimum values for milling parameters were determined as: 
Milling duration = 180 min 
Milling speed of rotation = 500 rpm 
Drug to salt ratio = 1:12 
Milling media size = 0.478 cm 
 
4.1.2  Sucrose milling of fenofibrate 
 
Commercial fenofibrate was milled with sucrose to demonstrate its efficiency as a milling 
aid similar to sodium chloride. Three parameters, namely milling duration, milling speed 
and drug to sucrose ratio, were varied and the effects on particle size reduction were 
observed using the SEM.   
Milling speed, rpm 
500 6.8 700 nm 80.46 
600 1.8 2.6 µm 80.49 
700 0.2 23 µm 81.67 
Drug-to-Salt Ratio 
1:2 3.0 1.61 µm 80.56 
1:7 6.8 700 nm 80.46 
1:12 16.13 300 nm 80.46 
Crushing Balls Diameter 
0.635 cm 6.8 700 nm 80.46 
0.478 cm 9.0 530 nm 80.44 
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4.1.2.1  Dependence on milling duration  
 
The fenofibrate samples were milled for 20, 30, 45, 60, and 180 min respectively. 
Dispersions of milled nanodiamond were analyzed using scanning electron microscopy 
and dynamic light scattering methods. The SEM images of the milled powders are shown 
below: 
 
 
 
 
 
Fig 23: SEM images of,  (a) as received fenofibrate, (b) 20 min, (c) 30 min, (d) 45 min, 
(e) 60 min, and (f) 180 min. 
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As the duration of milling was increased from 20 to 180 min, the particle size decreased 
from 100 microns (commercial fenofibrate) to 500 nm. The average particle sizes of 
milled fenofibrate are summarized in the table below: 
 
 
 
Table 5: Average particle size of fenofibrate particles after milling for different durations 
 
Milling duration 
(min) 
Average particle size 
 
 
20 
 
10 µm 
 
30 
 
5 µm 
 
45 
 
2 µm 
60 1 µm 
 
180 
 
500 nm 
 
 
 
4.1.2.2  Dependence on speed of rotation  
 
The first parameter, milling duration, was optimized to 180 min. The speed of rotation of 
the agitator shaft was selected as the next parameter that required assessment. Once again 
fenofibrate was milled with sucrose in a 110 cc stainless steel chamber with 0.25” 
stainless steel balls in Argon. The samples were milled at speeds of 500, 600, and 700 
rpm, respectively. The SEM images of the milled powders are shown below:  
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Fig 24: SEM images of (a) as received fenofibrate, (b) 500 rpm, (c) 600 rpm, and (d) 700 
rpm. 
 
 
 
It was observed that increasing the speed of rotation from 500 rpm to 700 rpm had no 
effect on particle size reduction. It is possible that 500 rpm is the saturation speed of 
rotation for milling of fenofibrate and increasing the speed is not effective, thus the 
particles remain aggregated. The average particle sizes are summarized in the table 
below.  
Table 6: Average particle size of fenofibrate particles after milling at different speeds. 
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Milling speeds 
(rpm) 
Average particle size 
 
 
500 
 
500 nm 
 
600 
 
10 µm 
 
700 
 
10 µm 
 
 
 
4.1.2.3  Dependence on drug-sucrose ratio 
 
Having optimized the milling duration and speed of rotation to 180 min and 500 rpm 
respectively, the drug to sucrose ratio was varied. Fenofibrate was milled with sucrose 
with drug to sucrose ratios of 1:2, 1:7, and 1:12. The milled extract was rinsed and 
centrifuged with DI water to remove sucrose.  
 
The SEM images of the milled powders are shown below:  
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Fig 25: SEM images of (a) as received fenofibrate, (b) fenofibrate to sucrose ratio of 1:2, 
1:7 (c), and 1:12 (d). 
 
 
 
It was observed that higher amounts of sucrose relative to fenofibrate resulted in 
significant particle size reduction. There was a progressive decrease in fenofibrate 
particle size when the ratio was increased from 1:2 to 1:7. However, no significant 
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reduction in particle size was observed when the ratio was increased to 1:12. The average 
particle sizes determined by image analysis are summarized in a table below: 
 
 
 
Table 7: Average particle size of fenofibrate particles after milling at different ratios. 
 
Fenofibrate: 
Sucrose ratio 
Average particle size 
 
 
1:2 
 
10 µm 
 
1:7 
 
500 nm 
 
1:12 
 
500 nm 
 
 
 
So far, the milling parameters have been optimized to:  
 
Milling duration = 180 min 
Milling speed of rotation = 500 rpm 
Drug to sucrose ratio = 1:7 
 
 
 
 
78 
 
 
4.1.2  Dissolution studies 
 
Bioavailability is a major issue concerning hydrophobic drugs that are developed for oral 
administration. Several factors may affect diffusion of the drug from the GI tract into the 
bloodstream including permeability through the intestinal wall, drug release from dosage 
form or solubility, and physico-chemical characteristics of the API. 
 
Selection of appropriate dissolution medium is important for accurate correlations 
between experimental and in vivo dissolution kinetics. First, the medium should simulate 
all essential characteristics of a real physiological environment. A dissolution medium 
must have sink conditions that is, a saturation solubility that is at least three times greater 
than the drug concentration. Also, the drug concentration in the medium should not 
exceed 15-20% of the saturation solubility of the drug. Conducting dissolution studies in 
the absence of sink conditions may result in severely distorted release kinetics. Some of 
the methods utilized to maintain sink conditions include: 51 
 
• Addition of organic solvents to organic media 
• Use of two phase solvent systems 
• Using increased volume of dissolution media 
• Removal of dissolved drug from the media 
• Changing the pH of the medium 
• Use of surfactants 
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Saturation solubility of fenofibrate in DI water is 0.8 µg/mL (0.0008 mg/mL).  
The dissolution tests were conducted for commercial and salt/sugar milled fenofibrate. 
Due to a time limitation during which the drug resides in a human stomach, only the 
initial dissolution rate and concentration (within 1 hr from the beginning of the 
experiment) was of interest in our study.  
 
4.1.2.1  Calibration curves 
 
The absorbance values obtained through UV-Vis measurements were converted into 
concentrations using calibration curves. A series of solutions of known concentrations 
were analyzed and their absorbance at 280nm values was recorded. From this data, a 
relationship between absorbance and concentration was determined. Separate calibration 
curves were plotted for commercial fenofibrate and milled fenofibrate in 0.1N 
hydrochloric acid.  
 
 
80 
 
 
  
 
Fig 26: Calibration curves for (a) commercial and (b) milled fenofibrate 
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4.1.2.2  Commercial fenofibrate 
 
A small amount of commercial fenofibrate was added to 500 mL of dissolution media 
(0.1 N hydrochloric acid) and seven aliquots were collected over a period of one hour 
maintaining sink conditions. Absorbance was measured for these samples at a wavelength 
of 290 nm.  
 
4.1.2.3  Milled fenofibrate 
 
Samples for dissolution were selected based on the particle size reduction achieved in the 
parametric study. A small amount of dry, milled fenofibrate was added to 500 mL of 
dissolution media (0.1 N hydrochloric acid) and seven aliquots were collected over a 
period of one hour maintaining sink conditions. Absorbance was measured at 290 nm.  
 
Dissolution behavior of unwashed, milled fenofibrate in a sodium chloride matrix was 
also evaluated to observe the role of salt as a passive carrier of drug particles.  
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Fig 27: Dissolution profiles of commercial fenofibrate and salt-milled fenofibrate. 
 
 
 
It is observed that the dissolution rate of salt milled samples were higher than the 
commerical fenofibrate samples due to smaller particle size.  
 
Fenofibrate is a highly hydrophobic substance and therefore, in hydrophilic media even 
the finest fenofibrate particles tend to avoid solvent and re-aggregate into micron-sized 
clusters held together by hydrophobic interactions. Thus, without suppressing the re-
aggregation it is problematic to get full advantage of small size and achieve improved 
dissolution behavior for nanometer-sized particles. To minimize the aggregation of 
nanoparticles, surfactants were employed. 
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4.1.2.4  Surfactants  
 
Dissolution in the presence of surfactants was carried out for both commercial and milled 
fenofibrate. At the beginning of the experiment, 0.025 M sodium dodecyl sulfate was 
added to the dissolution medium along with the sample. While employing cyclodextrins 
to form inclusion complexes with the drug particles, 0.01 M alpha cyclodextrin was 
added to the dissolution medium and system was stabilized for 15 minutes before 
addition of the sample.  
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Fig 28: Dissolution profiles of fenofibrate milled with NaCl (1 hr, 500 rpm, 0.25” ball) 
in comparison with commercial powder: salt-milled in 0.025 M SDS (1), salt-milled in 
0.01 M α-cyclodextrin (2), commercial in 0.025 M SDS (3), commercial in 0.01 M 
α−cyclodextrin (4), salt-milled (5), salt-milled unwashed (6) and commercial (7). 
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It is evident that addition of common surfactants such as sodium dodecyl sulfate and α-
cylcodextrin in small volumes results in significant increase in the dissolution rate of 
fenofibrate. The increase in concentration for the salt milled sample compared to the 
commercial fenofibrate sample was 5x10-4 to 6x10-4 mg/mL when SDS was employed. 
The increase in concentration when cyclodextrin was utilized was 3x10-4 to 6x10-4 
mg/mL.  
 
It was also noticed that the effect of surfactants varied according to the type used. Sodium 
dodecyl sulfate was equally effective for both commercial and milled samples whereas, 
α-cylcodextrin was more effective in the case of milled fenofibrate. This could be due to 
the size dependency of CDs in forming inclusion complexes. Alpha cyclodextrins are the 
smallest cyclodextrins composed of six glucose monomers in a ring structure and form 
inclusion complexes with milled samples because of their smaller size compared to 
micron sized commercial fenofibrate particles.  
 
4.2  Milling of nanodiamond  
 
Nanodiamond primary particles (~ 5nm) are very desirable for a variety of applications 
ranging from lubricants and reinforced plastics, to biomedical imaging and drug delivery. 
The primary particles aggregate into micron sized clusters and are almost impossible to 
deaggregate using common laboratory methods such as sonication and centrifugation. 
Sucrose has been employed in this project as a milling aid similar to sodium chloride. 
Sucrose, a molecular solid, is similar in hardness to sodium chloride, which is an ionic 
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compound. Both sucrose and sodium chloride were studied as milling aids to observe the 
effect on milled nanodiamond (ND) dispersions. For the scope of this project, only 
sucrose milling was employed to achieve monodispersions of nanodiamond primary 
particles.  
 
During the milling, nanodiamond and milling media are crushed in between the steel 
balls. Small sucrose particles break the nanodiamond aggregates by impact, wear, and 
other mechanical forces. As the size of the milling media is reduced along with the 
nanodiamond aggregate size, sugar particles isolate the milled nanodiamond particles 
preventing re-agglomeration. The milled charge was collected and rinsed with water, 
effectively removing most of the media. Traces of milling media were removed by water 
rinsing along with centrifugation.  
 
 
 
 
 
 
Fig 29: Picture of (a) Attrition mill chamber (110 cc) loaded with nanodiamond, steel 
balls and dry media and (b) schematic illustrating how Nanodiamond and media is 
crushed between steel balls and aggregates are disintegrated by impact and wear.  
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4.2.1  Sucrose milling of nanodiamond  
 
Detonation synthesis of nanodiamond leads to highly aggregated clusters of primary 
particles. These clusters maybe as large as 20 microns and are held together by weak Van 
der Waals forces and/or strong covalent interparticle bonds. These bonds cannot be 
broken completely by sonication or centrifugation and so more aggressive methods are 
called for. A scanning electron micrograph of as received nanodiamond powder is shown 
below: 
 
 
 
 
 
Fig 30: SEM image of as received nanodiamond obtained by detonation. Typical 
aggregates are indicated by circles. (Kruger et al., 2005) 
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Nanodiamond powder was milled with sucrose while varying parameters including 
milling duration, speed of rotation, and nanodiamond to sucrose ratio.  
 
When the milled nanodiamond dispersion was dried, it yielded black chips of 
nanodiamond, whose smooth shiny surface suggested the presence of densely packed 
small particles. This observation was confirmed by SEM analysis of the dried chip.  
 
 
 
 
 
Fig 31: (a) picture of dried chips of milled nanodiamond and (b) SEM image at 5000X 
magnification. 
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4.2.1.1  pH adjustment 
 
Optimal pH of the dispersant to prevent reaggregation in suspension was determined by 
conducting titration measurements using Malvern Zetasizer Nano ZS with a MPT-2 
autotitrator. 
 
 
 
 
  
Fig 32: The smallest particle size corresponded to pH 11. 
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After sugar was removed, the pH of de-agglomerated nanodiamond suspensions was 
brought to ~11 to facilitate electrostatic repulsion of the ND particles due to surface 
COOH dissociation.  
 
                           ND-COOH ↔ ND-COO- + H+                                                Equation 8 
 
Post milling, the aqueous nanodiamond suspension appeared to be opaque-brown in 
color. As the pH was adjusted, the color changed to a translucent black due to Rayleigh 
scattering exhibited by primary nanodiamond particles. The color change from brown to 
black may be used as a visual confirmation for the presence of small particles (smallest 
particles - black color).  
 
 
 
Fig 33: Milled sample, pre-pH adjustment (left) and post pH adjustment (right).  
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4.2.1.2  Dependence on milling duration  
 
To maximize the efficiency of obtaining small nanodiamond particle sizes using sugar 
assisted milling, different parameters were varied and the effects, observed. The first 
parameter that was considered to be an important factor in milling efficiency was the time 
of milling. The charge consisting of nanodiamond, sugar and steel balls was milled for 
30, 60 and 90 min, keeping the speed of rotation and volume ratio of nanodiamond to 
sucrose constant at 500 rpm and 1:1 respectively. 
 
The milled charge was collected and the balls separated from the powder using a sieve. 
The powder was rinsed in water and allowed to settle overnight. The clear supernatant 
was discarded, while the precipitate was resuspended in DI water and centrifuged at 3600 
rpm. This process was repeated four to five times to ensure that minimal sucrose 
remained in the supernatant.  
For particle size analysis, the pellet was resuspended in DI water and sonicated for 30 
seconds. The suspension was then filtered using a 0.2 micron syringe filter to avoid 
contaminants such as fibers from the Q-tip and kimwipes. The filtered particles were then 
analyzed using dynamic light scattering.  
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Fig 34: (a) Particle size distributions for nanodiamond milled for 30, 60 and 90 min, and 
(b) Comparison of the smallest distribution obtained by variable milling durations 
 
It must be noted that the particle size distribution shifts to the left (smaller sizes) when 
the milling duration is increased from 30 to 90 min.  
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For SEM analysis, a drop of suspension was placed on a platinum/palladium coated 
silicon wafer and allowed to dry. The sample was imaged uncoated. SEM images of 
nanodiamond milled for 30, 60 and 90 min are shown below: 
 
 
 
 
 
 
Fig 35: SEM images of nanodiamond milled for 30 min (a), 60 min (b), and 90 min (c). 
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Due to the challenges of nanodiamond imaging, specifically charging of the sample, SEM 
was used in this project to visually confirm the trends observed by particle size analysis 
conducted by dynamic light scattering. The particle sizes were observed to decrease with 
an increase in milling duration. The SEM images confirm this trend. The average sizes 
observed by image analysis are listed in the table below: 
 
 
 
Table 8: Average particle size of nanodiamond after milling for different durations. 
 
Milling duration 
(min) 
Average particle size 
(nm) 
 
30 
 
165 
 
60 
 
21 
 
90 
 
21 
 
 
 
While the average size of nanodiamond particles was the same for milling durations of 60 
and 90 min, the size distribution was narrower for 90 min and therefore was considered to 
be more effective than milling for 60 min.  
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4.2.1.3  Dependence on speed of rotation  
 
The second parameter that was optimized was the speed of rotation with time of milling 
and the volume ratio constant at 90 min and 1:1 respectively. The charge was milled at 
400, 500, and 600 rpm to determine the optimum value through dynamic light scattering. 
 
 
 
 
 
Fig 36: (a) Particle size distributions for nanodiamond milled at 400, 500, and 600 rpm, 
and (b) Comparison of the smallest distribution obtained by variable speeds of rotation. 
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From the graph above, it is observed that 500 rpm seems to be the optimal speed of 
rotation to mill nanodiamond aggregates. Increasing the speed further does not lead to a 
further decrease in particle size.   
 
This observation was confirmed by SEM analysis. Once again, a drop of nanodiamond 
suspension was placed on a platinum/palladium coated silicon wafer and dried. The SEM 
images are shown below: 
 
 
 
 
  
 
Fig 37: SEM images of nanodiamond milled at (a) 400 rpm, (b) 500 rpm, and (c) 600 
rpm. 
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The particle size was observed to decrease significantly when the speed of rotation was 
increased from 400 to 500 rpm. This trend is confirmed by SEM analysis. However, 
increasing the speed to 600 rpm did not lead to appreciable decrease in particle size. The 
average particle sizes determined by image analysis have been summarized in the table 
below: 
 
 
 
Table 9: Average particle size of nanodiamond after milling at different speeds of 
rotation. 
Milling speed 
(rpm) 
Average particle size 
(nm) 
 
400 
 
33 
 
500 
 
21 
 
600 
 
21 
 
 
 
Since, the particle size does not seem to decrease even after increasing the speed of 
rotation to 600 rpm, for energy efficient milling, 500 rpm is determined to be the optimal 
speed.  
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4.2.1.4  Dependence on nanodiamond-sucrose ratio 
 
Another important factor to be considered in the milling procedure is the concentration of 
milling media to be used for efficient milling. Nanodiamond to sucrose ratios of 1:1, 1:7, 
and 7:1 (by volume) were considered. 
 
 
 
 
Fig 38: (a) Particle size distributions for nanodiamond milled at ND:sucrose (D:S) ratios 
of 1:7, 1:1, 7:1, and (b) Comparison of the smallest distribution obtained by variable 
nanodiamond to sucrose ratio. 
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It is evident that for effective particle size reduction, the volume of dry media must be at 
least equal to the volume of nanodiamond powder. At a nanodiamond to sucrose ratio of 
7:1, the smallest particle size observed was above 40 nm. At ratios of 1:1 and 1:7, the 
particle size decreased to the smallest achieved so far, from 21 nm to 18 nm respectively. 
The SEM images are shown below:  
 
 
 
 
 
Fig 39: SEM images of nanodiamond milled at ND to sucrose ratios of 1:7 (a), 1:1 (b), 
and 7:1 (c). 
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The smallest particle sizes were observed when the nanodiamond to sucrose ratio was 
1:7. When the volume of sucrose used was less than nanodiamond (ratio 7:1), the milling 
was inefficient and yielded large aggregates of approximately 2 microns. The average 
particle sizes obtained by varying the speed of rotation have been summarized in the table 
below. 
 
 
Table 10: Average particle size of nanodiamond after milling at different ND to sucrose 
ratios. 
 
Nanodiamond to 
sucrose ratio 
Average particle size 
(nm) 
 
1:7 
 
18 
 
1:1 
 
21 
 
7:1 
 
150 
 
 
 
4.2.1.5  Control milling  
 
A control run consisting of a nanodiamond to sucrose ratio of 1:0 (no sucrose added) was 
carried out to observe the effect of milling on nanodiamond in the absence of sucrose. 
The charge was milled for 90 min at 600 rpm. 
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Fig 40: (a) Particle size distributions for nanodiamond milled at ND to sucrose (D:S) 
ratio of 1:0, and (b) particle population with size at 160 nm. 
 
 
 
It may be observed that milling nanodiamond without sucrose also results in particle size 
reduction from micron sized clusters to small clusters of 160 nm. However, the size 
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reduction is not sufficient to obtain primary particles and therefore, sucrose must be used 
to break the aggregates further. A comparison between the smallest particle size achieved 
through sucrose milling (nanodiamond to sucrose ratio of 1:7) and nanodiamond milling 
without sucrose is shown below.  
 
 
 
Fig 41: Comparison between milling in presence and absence of sucrose. 
 
 
 
The results of the control run were similar to the run carried out with a nanodiamond to 
sucrose of 7:1. This suggests that the milling is inefficient when the volume of dry media 
used is less than the volume of nanodiamond. This was confirmed by SEM analysis (Fig. 
42) which showed large aggregates similar to those seen when the ratio used was 7:1  
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Fig 42: SEM image of nanodiamond milled in absence of sucrose (nanodiamond to 
sucrose ratio of 1:0).  
 
 
 
The control run helps understand the role of dry media in decreasing the particle size to 
obtain primary particles. In addition, sucrose aids in maintaining the milled particles 
separate and prevents reaggregation.   
 
4.2.1.6  Combination milling  
 
To demonstrate the combined effect of salt and sugar as milling media, a run was carried 
out using previously optimized parameters with ND to sucrose to sodium chloride ratio of 
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1:3.5:3.5. Nanodiamond was milled at 600 rpm for 90 min. The results compared to the 
smallest particle size achieved by milling with sucrose alone (ND:sucrose of 1:7, 600 
rpm, 90 min) are shown below. 
 
 
 
Fig 43: Comparison of milling with sucrose and milling with a combination media. 
 
 
 
In this run, both salt and sugar were employed in an equal volumetric ratio to achieve the 
benefits of both media in the same run. Also, the latter was performed to observe the 
change in particle size. As evident from dynamic light scattering measurements, there is a 
population of particles in the single digit range. Comparing the combination run with the 
best run achieved with sucrose, it is clear that the combination peak shifts towards the left 
and narrows suggesting particles smaller than 15 nm.  
 
104 
 
 
However, this single digit population is still small while the majority of particles remain 
within 10-20 nm size range, suggesting clusters of 3-4 particles. The above mentioned 
experiment (salt and sugar combination) achieves the 10-20 nm range within 90 minutes, 
exhibiting a higher level of efficiency. Further, this result suggests potential for other 
substances similar to salt and sucrose to be considered as individual or blended milling 
media in nanodiamond deaggregation process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
105 
 
 
5.  CONCLUSION AND FUTURE WORK 
 
 
5.1  Conclusion 
 
Dry media assisted milling has been successfully demonstrated to be a simple, effective 
and inexpensive method to reduce particle size of a variety of materials. Two commonly 
available milling media, sucrose and sodium chloride have been utilized in combination 
with steel balls to break down micron scale aggregates of sample materials. Fenofibrate 
and nanodiamond were chosen as sample materials because their particle size limitations 
pose significant challenges in their applications. Both materials were milled with sodium 
chloride and/or sugar to yield nanoscale particles embedded in a media matrix which 
helped prevent re-aggregation.  
 
Important milling parameters such as milling duration, speed of rotation and sample to 
media ratio were optimized for both materials.  
 
5.1.1  Fenofibrate  
 
The milling parameters were optimized for fenofibrate to be:  
 
Milling duration = 180 min 
Speed of rotation = 500 rpm 
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Fenofibrate to media ratio = 1:12 (sodium chloride), 1:7 (sucrose)  
 
The particle sizes were reduced to 100-500 nm range. Additionally, the effects of reduced 
fenofibrate particle size on dissolution kinetics were evaluated in vitro. The dissolution 
profile of milled fenofibrate was slightly better than that of commercial fenofibrate. 
Unwashed fenofibrate sample which was still embedded in salt matrix was also evaluated 
to investigate the potential effect of salt as a passive drug carrier. Unwashed milled 
fenofibrate with high content of sodium chloride demonstrated lower dissolution rate than 
washed sample due to a salting-out effect of NaCl. 
 
Fenofibrate particles being highly hydrophobic, aggregate in aqueous media and reduced 
particle size might not be enough to negate this effect. Therefore, both commercial and 
milled fenofibrate particles readily aggregate and result in slow dissolution kinetics. 
Surfactants such as sodium dodecyl sulfate and cylcodextrin proved to be effective in 
avoiding re-aggregation of fenofibrate particles in the dissolution medium. With 
surfactants, the dissolution profiles of both milled and commercial fenofibrate samples 
showed a marked improvement. However, the concentration of drug dissolved over a 
period of one hour was higher for milled fenofibrate even with surfactants. Thus, the use 
of surfactants brings the concentration of milled fenofibrate close to saturation limit faster 
than in case of the micron-sized commercial sample. 
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5.1.2  Nanodiamond 
 
The milling parameters were optimized for nanodiamond to be:  
 
Milling duration = 90 min 
Speed of rotation = 500 rpm 
Nanodiamond to media ratio = 1:7  
 
The particle sizes were reduced to 18 nm which corresponds to a cluster of 2-3 particles. 
Optimal value of pH for nanodiamond dispersion in water was determined to be ~11 
using titration.  Salt and sugar were found to be effective milling media in preventing re-
aggregation. The monodispersions were stable for over three months and no 
reaggregation occurred. The dispersions were characterized using dynamic light 
scattering and scanning electron microscopy techniques to reveal 18 nm particles.  
 
5.1.3  Limitations of Milling  
 
Milling may be extended to a variety of materials with a few adjustments to the 
previously mentioned parameters. Crystalline non-hygroscopic materials, which are not 
heat sensitive are best suited for milling applications. However there are certain materials 
which pose major challenges in effective milling. Fibrous materials typically require 
more energy in milling which increases the heat inside the milling chamber, damaging 
the particles and causing wear in the milling material. Non-friable materials such as 
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polymers, resins, and rubber, cannot be fractured using direct impact milling techniques 
and must be converted to friable materials using a cryogen in the grinding chamber.  
Additionally, heat sensitive materials such as nutraceuticals, epoxy resins, gelatins, and 
sugars require a cooling jacket be fitted to the milling chamber to keep temperature 
constant. It is a general observation that low moisture materials and materials with very 
high moisture content are relatively easier to mill, whereas fatty materials which are 
semisolid are harder to deaggregate.  
 
Thus the dry media assisted milling technique has potential to become the preferred 
technique to downsize a wide range of materials for numerous applications.  
 
5.2  Future work  
 
This study has established groundwork for downsizing a diverse group of materials to 
nanoscale utilizing inexpensive and commonly available media. Other materials such as 
silica and other salts should be investigated as potential media for better yield.  
 
Nanodiamond particles obtained by milling are being evaluated for polymer-ND 
composites and drug delivery applications. Antibiotic encapsulated nanodiamond 
particles may be loaded onto porous surface of titania orthopedic implants for controlled 
drug delivery applications. For this purpose, further optimization of milling parameters 
may be necessary to obtain primary particles in dispersion.  
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APPENDIX A 
LIST OF ABBREVIATIONS 
 
 
 
 
BCS  Biopharmaceutics Classification System 
BET  Brunauer Emmett Teller 
CD  Cyclodextrins 
DSC  Differential Scanning Calorimetry 
FTIR  Fourier Transform Infra Red 
HPLC  High Performance Liquid Chromatography 
MCS  Mechanochemical Synthesis 
ND  Nanodiamond 
SDS  Sodium Dodecyl Sulfate 
SEM   Scanning Electron Microscopy 
SSA  Specific Surface Area 
UV-Vis  Ultraviolet – Visible 
XRD  X-Ray Diffraction 
 
 
 
 
 
 
 
 
  
 
